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Abstract 
One of the cognitive symptoms associated with the diagnosis of a mild traumatic 
brain injury (mTBI) is the degradation of focus and attention. This pilot study was 
designed to quantify examples of such capabilities in Service Members diagnosed with 
mTBI and to compare their abilities to peers without an mTBI diagnosis. Specifically, we 
compared participant groups on their false alarm rates and thresholds for contralateral and 
informational masking tasks to document the participants’ ability to focus and detect an 
auditory stimulus in the presence of distracting maskers. In this study, comparing the 
overall performance of Service Members, with and without a mTBI, did not yield 
significant group differences but did highlight the considerable variability associated with 
mTBI. The Service Members’ data were then compared to data from a group of civilian 
adults of a similar age whose data were previously published in two doctoral 
dissertations. This comparison found significant group differences, with the Service 
Members performing worse than the group of civilian adults, in informational and 
contralateral masking. Later work may incorporate subjective as well as objective 
measures to investigate the participants’ reported deficits and how they relate to 
behavioral responses.  
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Introduction   
 Traumatic brain injury (TBI) is the “signature injury” of Service Members who 
served in Operation Enduring Freedom (OEF), Operation Iraqi Freedom (OIF), and 
Operation New Dawn (OND) (McCrea, et al., 2009). Since 2000, there have been 
approximately 370,688 Service Members diagnosed with a TBI. Due to the complicated 
nature of combat, however, the reported number of TBIs may be significantly 
underestimated. In addition, if a Service Member has experienced multiple injuries, only 
one is included in the total number of injuries reported by the government. The Defense 
and Veterans Brain Injury Center (DVBIC) reports that the majority of brain injuries 
sustained by Service Members are mild (mTBI) and the number of recorded mTBIs 
between 2000 and 2017 is approximately 305,140.  Generally, mTBIs do not include any 
type of penetrating injury, and imaging is typically normal. According to the DoD, mTBI 
is defined as a “confused or disoriented state which lasts last less than 24 hours; or loss of 
consciousness for up to 30 minutes; or memory loss lasting less than 24 hours” (Defense 
and Veterans Brain Injury Center, 2017). 
 Historically, mTBIs were classified as short-term injuries, and the recipients could 
expect quick and full recoveries. Now, it is understood that many individuals who have 
suffered an mTBI can experience chronic post-concussive symptoms. Several of the long-
term symptoms following an mTBI include poor concentration, frustration, sleep 
disturbance, headache, dizziness, tiredness, depression, poor memory, irritability, 
tinnitus, photophobia, and blurred or double vision (Vander Werff, 2012).  
A theoretical model of recovery has been proposed outlining three stages of 
recovery: acute, subacute, and chronic. The acute period lasts the first several days 
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following the injury, and during this time, the symptoms are the most severe and can 
impair daily function. Following the acute period, there is a subacute period where the 
majority of individuals start to become asymptomatic and can gradually begin physical 
exercise. Finally, the chronic period begins 30-days past the time of injury. Some 
individuals, but not all, experience long-term post-concussive symptoms into the chronic 
period. This model is important to consider in military settings because during the acute 
period, the Service Member may not be able to fulfill their duties and may be at risk for 
recurrent injuries, and vigorous physical activity could impede recovery or worsen the 
injury. Furthermore, this proposed model highlights the importance of a biopsychosocial 
approach as other co-morbidities such as post-traumatic stress disorder (PTSD), 
depression, or anxiety can complicate recovery and professionals can misinterpret co-
morbidities as symptoms of the injury (McCrea et al., 2009). 
 There is a burgeoning body of literature examining the auditory and cognitive 
complaints following an mTBI.  Altogether, the goal of these studies is to understand the 
relationship between reported deficits and behavioral measures in order to create 
appropriate intervention and treatment plans. Research has demonstrated that high-level 
blasts can lead to impairments in central processing.  This was demonstrated with 
performance on multiple auditory processing tasks (Gaps in Noise [GIN], Staggered 
Spondaic Words [SSW], and the Masking Level Difference [MLD]) when comparing a 
group of blast-exposed participants to controls. This indicated that blast exposure can 
affect brainstem or cortical level function. The degree to which blast exposure can affect 
performance on various test measures is, however, highly variable across individuals. 
One important finding was that abnormal performance on auditory processing tasks often 
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correlates with reports of PTSD (Gallun et al., 2012; Saunders et al., 2015). In addition, 
Veterans with blast-exposure, but normal hearing sensitivity, reported deficits on the 
Functional Hearing Questionnaire (FHQ), and reported deficits often correlate with 
performance on behavioral measures associated with speech in noise, temporal 
resolution, binaural processing, gap detection, stream segregation, working memory, 
attention and other cognitive abilities. For instance, the Digits Span (DS) test, a test of 
working memory, correlated to reported difficulties following spoken instructions and 
following long conversations. Also, reported difficulties comprehending rapid speech or 
needing extra time to process speech, correlated to performance on the Time Compressed 
Speech Test (TCST). Lastly, problems following spoken instructions and recalling 
information correlated to performance on the Woodcock Johnson Story Recall test. While 
performance and subjective deficits correlated on several tasks, performance was variable 
across the various test measures and no clear pattern of performance was exhibited 
(Saunders et al., 2015).  
Not all individuals with an mTBI demonstrate long-term deficits but those who 
perceive difficulties are more likely to exhibit deficits on related behavioral measures. 
Individuals diagnosed with an mTBI reported difficulties with speech understanding in 
noise and exhibited difficulties on related objective measures (Saunders et al., 2015). In 
addition, individuals with an mTBI demonstrate a higher rate of dysfunction on speech 
tests and psychophysical tests, compared to controls (Hoover, Souza, & Gallun, 2017). 
The data highlights the highly variable performance and that the reported deficits are 
different in each individual. Not all Veterans with blast-exposure exhibit any type of 
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deficit, indicating task specific deficit(s), rather than a deficit in global functioning 
(Saunders et al., 2015). 
In addition to reported auditory complaints post-mTBI, Service Members 
frequently report cognitive symptoms. Deficits with attention, processing, and working 
memory have been reported following an mTBI. Working memory is the brain’s storage 
center of information and is required for cognitive function. The brain’s working memory 
circuit can be impacted by brain injuries. In general, individuals who have suffered an 
mTBI report working memory deficits more frequently than those without an mTBI 
diagnosis (McAllister et al., 2001). 
Research has shown that the working memory circuit’s activation pattern differs 
significantly between individuals with a TBI and those without, but performance 
measures show no significant differences. McAllister et al. (2001) reported that 
functional magnetic resonance imagining (fMRI) show an increase in neural activation 
with an associated increase in working memory load. When comparing a group of 
participants with an mTBI to a group of matched controls, an increase from a moderate-
load to a high-load task reveals a difference in activation patterns within the working 
memory circuit.  The mTBI group showed a greater increase, compared to the controls, in 
their working memory circuit activation with an increase from a low- to a medium-level 
task and less activation from a medium- to a high-load task. The n-back task quantifies 
working memory abilities and the working memory “load” is varied by the difficulty 
level of the task. On all difficulty levels, the control and the mTBI groups’ performance 
on the various n-back tasks were not significantly different. These findings indicate that 
the regions of activation associated with working memory are impaired following an 
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mTBI but is either not significant enough to be measured behaviorally or the tasks used 
were not difficult enough to detect a significant difference between groups. The 
differences in required activation levels indicate that the working memory circuit can be 
disrupted, but that disruption may not translate to behavioral measures (McAllister et al., 
2001). 
Mild TBI is a highly variable and multi-faceted injury where some recipients 
experience quick and full recoveries but others experience long-term complications. To 
gain a better understanding of the cognitive complaints from Service Members diagnosed 
with an mTBI, the present study was designed to analyze impulsivity and distractibility 
with two non-sensory masking tasks. Non-sensory masking involves the presentation of a 
signal and masker where the masker does not physically obstruct the signal in the ear, and 
the interference from the masker is thus a central (brain) phenomenon, rather than 
peripheral. These tasks were utilized because Service Members returning from OIF, OEF, 
and OND, without measurable peripheral auditory deficits, describe difficulties with 
concentration and a degradation in focus and attention (Saunders et al., 2015; U.S. 
Department of Veterans Affairs, 2015). The reported cognitive symptoms post-mTBI 
(e.g. distractibility) are similar to symptoms reported with attention deficit hyperactivity 
disorder (ADHD). The test measures used in this study were used on children with 
ADHD as well as college age-controls, without any adverse effects, to quantify 
impulsivity (Gray, Breier, Foorman & Fletcher, 2002; Sanderson, 2014; Gray, Miller & 
Evans, 2012).  
Children diagnosed with ADHD exhibit a greater number of false alarms on the 
contralateral masking task, when compared to the control participants (Gray, Breier, 
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Foorman & Fletcher, 2002; Gray, Miller & Evans, 2012). Based on these results, and due 
to the similarity in reported symptoms between mTBI and ADHD, it is hypothesized that 
Service Members will display higher false alarm rates on the contralateral masking task 
than the controls. Based upon personal reports, the prevalence of ADHD among active 
duty Service Members is low and before 2004, ADHD disqualified someone from 
Service; requirements regarding ADHD and military service are more vague now. The 
prevalence of ADHD among a random sample of American adults ranged from 3% to 
16%, depending on the stringency of the criteria (Faraone & Biederman, 2005). We 
expect to see Service Members with a formal mTBI diagnosis exhibit a greater degree of 
impulsivity and distractibility than Service Member without an mTBI.  
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Materials and Methods 
Participants 
 The participants included in this study had to be between the ages of 18 and 65 
and were either active duty Service Members or recently retired from service. 
Participants’ date of birth were not required during data collection. In total, thirty Service 
Members were included and were split into two groups of 15. In the first group, all 15 
participants had a formal mTBI diagnosis. The second group was composed of 15 Service 
Members who all reported that they had never been diagnosed with an mTBI. All but one 
participant was recruited through the Fort Belvoir National Intrepid Center of Excellence 
(NICoE) or through the hospital at Fort Belvoir. The participant who was not recruited 
through Fort Belvoir was local to Harrisonburg, VA and was encouraged by a family 
member to participate in the study. The participant from Harrisonburg was tested at 
James Madison University (JMU) in the Psychoacoustics Research Laboratory while the 
rest of the participants were tested at the NICoE. As compensation for participating in the 
study, most but not all of the participants were given a twenty dollar prepaid gift card. 
The participants who did not receive a gift card opted not to receive any type of 
compensation for participating.  All testing procedures were reviewed and approved 
under JMU IRB #16-0130 and Fort Belvoir EIRB #874169. All participants were 
volunteers and provided signed informed consent. 
Testing 
 Contralateral and informational masking were used to record the participants’ 
false alarm rates and thresholds. False alarms are when the participant indicates that the 
signal was present when it was not, and represents the participants’ “impulsivity.” 
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Thresholds designate the level that the participants were “maximally uncertain” whether 
the signal was present. The two groups of Service Members, those with an mTBI and 
those without, completed one session that lasted no longer than 45 minutes. The 
participants, except for the one local to Harrisonburg, VA completed the testing in a 
therapy room at the NICoE center. The therapy room was not sound proof but it was 
quiet and testing was performed while utilizing sound-attenuating circumaural 
headphones. The participant who was tested at JMU was tested in a double-walled sound 
booth.  
Possible covariates were recorded for the 14 Service Members at NICoE in the 
mTBI group.  These possible covariates included reported PTSD, type of injury (e.g. 
blast or non-blast), number of injuries, and age of first injury. These participants were 
asked if they are currently prescribed any medications for attention deficits  
Tympanometry was performed to screen middle ear function. If tympanometry 
was not completed, due to equipment issues, than the participant was asked if they had 
any history of middle ear infections, pressure equalization tubes, or ear surgery and their 
responses were recorded. Following tympanometry, each participant completed an 
automated audiogram on the test computer. Hearing loss was not a contraindication to 
participate but the hearing assessment was used to verify that the participant could hear 
the test stimuli.  
 The two auditory signal-detection measures, contralateral and informational 
masking, each involve brief, procedural training and a 40-trial adaptive task. These tests 
were the same between the two testing locations, JMU and Fort Belvoir. The test 
instructions were given verbally for contralateral masking while instructions for 
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informational masking were given verbally with a supplemental visual image. Each task 
was preceded by at least one training session to ensure understanding. If the participant 
reached 100% after the first training session, they would move onto the test session. If the 
participant did not reach 100% on the training on their first attempt than they repeated the 
training until they either reached 100% or were fully confident on the task and 
demonstrated understanding. 
Following the procedural training, a 40-trial adaptive test for both the 
contralateral and informational masking tasks were completed to estimate real false alarm 
rates and thresholds. The participants completed the contralateral masking training and 
test session first because it was typically, easier to learn. Both contralateral and 
informational masking involve the detection of a 500 Hz signal tone in the presence of an 
unpredictable masker. These two tasks involve different levels of uncertainty and 
incorporate different forms of non-sensory masking. With contralateral masking, an 80 
dB SPL, 500 ms octave-band masker centered at the signal frequency, which ranged from 
354 Hz to 708 Hz, is presented on every trial while the 500 Hz signal is presented 
randomly on half of the trials. The masker was always presented to the contralateral ear 
of the signal and varied in terms of which ear it was presented to. With informational 
masking, the masker is an 80 dB SPL noise that is composed of 10 randomly selected 
tones between 1000 Hz and 2500 Hz and is presented to both ears on every trial and the 
signal is presented randomly on half of the trials to both ears.  
Visual prompts on the computer cued the participants on how to learn and 
proceed through the tasks. First, the monitor displays the text “Ready” and then “Listen.” 
The masker, and possibly the signal, are presented and the display shows the text 
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“Decide.” This task involved a single-interval procedure where the participants were 
instructed to respond by pressing one of two keys on the computer representing, “Tone” 
or “No Tone.” The participants were instructed to listen for the signal tone in the 
presence of the masker and to press the “Tone” button on the keyboard whenever they 
heard the signal in the presence of the masker. When the signal tone was not detected, the 
participants were instructed to press the “No Tone” button. While participants were 
instructed to only press the “Tone” button when they could detect the signal tone, they 
were advised that the tasks are designed to find the point where they are maximally 
uncertain as to whether or not the signal tone is present. If the participant was correct in 
choosing “Tone” or “No Tone,” they would receive immediate feedback that would read 
“Correct.” If they were incorrect in their choice, they would see “Wrong.” In the event 
that the participant’s false alarm rose higher than 40%, the monitor would display the text 
“Do NOT press the tone key unless you are sure you heard the tone.” A 40-trial 
maximum likelihood adaptive track estimates the 60% point on the psychometric 
function to estimate thresholds while the twenty randomly interspersed non-signal trials 
estimated false alarm rates.  
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Results 
Comparison of Service Members with and without mTBI 
 The data collected from the Service Members, with and without an mTBI 
diagnoses, were analyzed in a between-groups design to see if any group differences 
could be identified. Overall, the between-groups analysis, comparing mean false alarm 
rates and thresholds, for the Service Members with and without mTBI did not yield any 
significant differences in performance, negating the original hypothesis. 
 Independent samples t-tests were performed to compare the means of the Service 
Members with and without a mTBI to assess for any statistically significant performance 
differences on either of the masking tasks. First, for the informational masking task, the 
groups’ mean false alarms did not significantly differ, t(28)=-0.087, p=0.931, d=-0.032. 
Similarly, the group means for false alarms during the contralateral masking task did not 
reach significance, t(24.316)= 0.000, p=1.000, d=0.000. As indicated by these statistics 
and seen in Figure 1 below, the estimated means are identical (to the level of our 
measurements). The variances in the groups were likely different (p=0.06), leading to the 
altered degrees of freedom.   
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There was no significant difference in the groups’ masked thresholds: t(28)= 
1.168, p=0.253, d=0.426, in the comparison of contralateral-masking thresholds; and 
t(28)=1.891, p=0.069, d=0.690, in the comparison of informational masking thresholds.  
The difference in informational-masking thresholds is close to significant, the effect size 
is closer to 'large' than to 'medium', is in the predicted direction, and would be significant 
with a one-tailed test (not after applying Bonferonni correction for four comparisons: 
thresholds and false alarms in two different masking tasks).  Power analysis (G-power 
3.1.9.2) predicts that testing 27 Service Members in both the mTBI and no-TBI groups 
(less than doubling the size of our sample) would have an 80% chance of finding 
significant one-tailed difference at the 0.05 level in informational masking thresholds.  
Multivariate techniques show the threshold in informational masking to be a significant 
Figure 1: Mean False Alarms for Informational and Contralateral Masking. Comparing 
Service Members with and without mTBI 
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predictor of mTBI in the two groups of Service Members (correctly classifying 62% of 
cases through logistic regression and explaining 16% of the variance in discriminant 
analysis, p=0.027 in both analyses). 
 
Figure 2: Mean Thresholds for Informational and Contralateral Masking for Service 
Members with and without mTBI 
All of the Service Members, except for one, with an mTBI provided information 
on several co-variates that related to the type of injury they had sustained as well as when 
the injury occurred. The Service Members reported if they had experienced blast or non-
blast injuries, if the injury occurred before they were 25 years old, how many mTBI they 
had sustained and if they experience concomitant PTSD. Furthermore, they reported any 
prescribed medications for ADHD. Correlation analysis was performed for the fourteen 
Service Members with an mTBI to see if any significant relationships existed between 
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those specific co-variates and test performance. Table 1 illustrates those relationships 
between test performance and the various covariates.   
 Blast mTBI Non-blast 
mTBI 
PTSD # of mTBI mTBI <25 
yrs. 
ADHD Rx 
CMTH   r= -0.101 r=-0.210 r=-0.148 r=-0.172 r=0.000 r=0.192 
CMFA r=-0.279 r=0.-393 r=0.101 r=-0.162 r=-0.184 r=0.391 
IMTH r=0.215 r=0.235 r=-0.232 r=0.072 r=0.388 r=-0.285 
IMFA r=-0.128 r=-0.251 r=-0.007 r=-0.208 r=0.055 r=0.035 
 CMTH= Contralateral Masking Threshold 
CMFA= Contralateral Masking False Alarm 
IMTH= Informational Masking Threshold 
IMFA= Informational Masking  False Alarm 
* Green designates a predicative direction while peach designates an opposite 
direction 
Table 1 
 
None of the correlations shown in Table 1 are significant (lowest p=0.16). Twenty 
four correlations are evaluated so the appropriate Bonferoni correction requires 
significance be tested at a p value of 0.002, so a p value would need to be 2 orders of 
magnitude lower to reach significance. Only 25% of these correlations are in the 
predicted direction.  
Comparison of Service Members to Civilian Adults 
Since the initial analysis showed that performance was not significantly different 
between Service Members with and without an mTBI diagnoses, additional analysis was 
performed comparing the entire group of 30 Service Members to a group of 20 civilian 
adults. The civilian adults were enrolled in University classes during their data collection 
and their data was previously published in Gray, Miller and Evans (2012) and 
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Sanderson’s (2014) doctoral dissertation. First, for the informational masking task, the 
two groups’ means for false alarms were close to reaching significance, t(48)=1.855, 
p=0.070, d=0.551 while the groups’ mean false alarms during the contralateral masking 
task were not close to significant, t(48)= 0.427, p=0.671, d=0.126. On the other hand, 
when the contralateral masking thresholds were compared they were significantly 
different between groups t(48)= 3.823, p<0.001, d= 2.071. Similarly, the two groups’ 
thresholds for informational masking also reached significance, t(48)= 7.164, p<0.001, 
d= 1.178. 
 
Figure 3: Mean False Alarms for Informational and Contralateral Masking. Comparing 
Service Members to Civilian Adults 
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Figure 4: Mean Thresholds for Informational and Contralateral Masking. Comparing 
Service Members to Civilian Adults 
 
 Prior to the contralateral and informational masking training and test trials, each 
participant completed an automated audiogram on the test computer.  Participants were 
instructed to press the space bar on the keyboard when they heard a tone.  The program 
implemented the Hughson-Westlake algorithm to estimate absolute thresholds at octave 
frequencies between 250 and 8000 Hz in each ear separately.  Among the tested 
frequencies are 500 Hz, the signal frequency, and 4000 Hz, the expected locus of hearing 
loss from noise exposure (Nandi & Dhatrak, 2008).  
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Figure 5: Range of Hearing Thresholds at 500 Hz. Comparing Service Members to 
Civilian Adults. 
 
 There was a significantly greater hearing loss at 500 Hz in the Service Members 
than civilian adults (t47.5=6, p<0.001).  All but one of the 30 Service Members had 
‘normal’ hearing at 500 Hz (thresholds above 20 dB HL are ‘abnormal’).  There was no 
difference in 500-Hz thresholds between Service Members with and without TBI (t23.2 
=.78, p=0.45), suggesting again that the important difference is unexpectedly between 
adults in the Military versus civilian adults, with no difference between Service Members 
with and without TBI.   
Hearing loss from high intensity sound-damage occurs most predictably and 
noticeably from 3000 to 6000 Hz, centering at 4000 Hz (Nandi & Dhatrak, 2008).  There 
is significantly more hearing loss at 4000 Hz in the Service Members compared to the 
civilian adults (p=0.001), also more variance in this measure among the Service Members 
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(p=0.018).  There was no difference in these high-frequency thresholds between the 
Service Members with and without mTBI (p=0.28).  Noise exposure, due to blast or 
gunfire exposure, might affect one ear more severely than the other, inducing an 
asymmetrical hearing loss. Analysis of the absolute difference of thresholds at 4000 Hz 
between the ears showed a significantly greater asymmetry in the Service Members 
compared to civilian adults (p=0.05).  Surprisingly, there was no difference between 
Service Members with and without TBI (p=0.32), but among 14 Service Members with 
mTBI (who volunteered information on possible covariates) there was a marginally 
significant difference between those who reported a blast injury versus those with TBI 
from a non-blast related event (p=0.04, one–tailed). 
It is likely that hearing loss at the signal frequency would affect thresholds in both 
masking tasks, and we see this significant trend in the next two figures (p<0.001 for both 
tasks). If hearing thresholds alone predicted performance in the masking tasks then the 
individual points in the figures below would fall along the line of best fit, with points for 
both groups equally above and below the linear regression.  This is not the case.  For both 
informational and contralateral masking, Service Members tend to lie above the 
regression line while the civilian adults tend to lie below the regression. While the same 
trend is seen in both contralateral and informational masking, it only reached statistical 
significance with contralateral masking (p=0.002 in a comparison of the regression 
residuals between the groups of 30 Service Members and 20 civilian adults).  
19 
 
 
 
Figure 5: Relationship between Hearing Thresholds and Informational Masking 
Thresholds for the Service Members and Civilian adults 
 
 
Figure 6: Relationship between Hearing Thresholds and Contralateral Masking 
Thresholds for the Service Members and Civilian adults 
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 It is expected that when contralateral and informational masking is completed, 
that there will be a trade-off between false alarm rates and thresholds. With an increase in 
false alarm rates there is an expected decrease in thresholds. The signal detection-theory 
parameter beta measures participants’ response proclivity.  By response proclivity, we 
mean that listeners might vary along a continuum from conservative to lax responders.  
Remember that in both masking tasks, the maximum likelihood method finds the 
participants’ threshold for detecting the signal.  In other words, after the first few trials of 
the 40-trial tests, the computer has found the maximally ‘frustrating’ signal level: the 
level where the listener is most uncertain about whether the signal is present or not.  
Listeners can have different strategies or proclivities in how they respond under 
conditions that can require some guessing about whether the signal we present or not.  A 
conservative responder will make sure they hear the soft signal before they indicate that 
the signal is present; they minimize false alarms at the expense of missing some weak 
signals.  A lax observer in contrast responds somewhat impulsively making sure never to 
miss a signal and thus has a higher false alarm rate.  If the participants varied in their 
intrinsic beta, there would be a trade-off between false alarm rates and thresholds. 
Conservative listeners would have low false-alarm rates and high thresholds.  Lax 
observers would have the reverse, high-false alarm rates and lower thresholds.  We would 
see a negative correlation between thresholds and false alarms.  Figure 8 shows this trend, 
a significant regression with negative slope, in the informational masking data of the 
Service Members (p=0.009).  The trend, though negative, is not significant in the civilian 
adults (p=0.28). The regression slopes are different (t46=8.5, p<0.001), showing that 
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Service Members, but not the civilian adults, adopt different listening strategies with 
informational masking.  This trend is not seen in contralateral masking (Figure 9).  
 
 
Figure 8: Relationship between Informational Masking Thresholds and False Alarms for 
the Service Members and Civilian adults 
 
 
Figure 9: Relationship between Contralateral Masking Thresholds and False Alarms for 
the Service Members and Civilian adults 
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Returning to informational masking, as there are different trends in the relations 
between thresholds and false alarms, an alternate analysis would be to select only those 
Service Members with thresholds that fall in the same range of thresholds seen among the 
civilian adults.  Then we test for a difference in false alarm rates in this matched subset of 
adults with similar informational-masking thresholds. 
 
Figure 10: Overlap of hearing thresholds for the Service Members and Civilian adults 
 
Figure 10 highlights the range of thresholds where the Service Members fall 
within the same range of thresholds as the civilian adults.  Using only the ‘matched’ 
subset, the points within the box in Figure 10, there is a highly significant difference in 
false alarms (t32=3.2, p=0.002, effect size is ‘very large’ with Cohen’s d = 1.3). 
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 Finally, Logistic-regression is used to summarize these findings into one 
multivariate analysis. Logistic regression attempts to predict a binary outcome, in this 
case whether the listener was in the military or not, based on selected continuous 
variables.  A forward stepwise binary logistic regression analysis identified three of our 
variables as significant predictors: threshold at 500 Hz, contralateral masking threshold, 
and informational masking false-alarm rate.  These three variables can be combined to 
form a ‘logistic score’ that predicts with 90% accuracy whether our participants were in 
the military or were civilians (x23=41, p<0.001). In summary, the Service Members had 
significantly worse thresholds at 500 and 4000 Hz than our sample of civilian adults.  
Among the Service Members, central masking thresholds were worse than predicted from 
their sub-clinical hearing loss alone, and informational masking false alarms were greater 
than predicted from their thresholds in this task. 
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Discussion 
 The purpose of this study was to quantify the impulsivity and distractibility of 
Service Members who have been diagnosed with an mTBI in terms of false alarm rates 
and thresholds. The results from this study do not support the original hypothesis: Service 
Members with an mTBI do NOT perform similarly to children with ADHD and do NOT 
exhibit a greater level of impulsivity and distractibility on the contralateral masking tasks, 
when compared to their peers without an mTBI diagnosis. A between-groups design was 
used and while no clear patterns were exhibited between the two groups of Service 
Members, significant trends were shown between the whole group of Service Members 
when compared to a group of civilian adults.  
The Service Members performed similarly on the two masking tasks but there was 
a large amount of performance variance. The large degree of variance, especially in terms 
of false alarms within the two Service Member groups (Figure 1), could be attributed to 
extraneous variables that were not originally accounted for. Based on current literature, 
mTBI does not impact each recipient in the same manner and some individuals 
experience complete symptom resolution while others experience chronic symptoms 
years after the time of injury (Vander Werff, 2012). Variables such as active or retired 
from duty status, time of injury, and how much time has passed since the injury occurred 
could influence performance. For example, a retired Service Member who experienced an 
mTBI in their early twenties will likely be less symptomatic than an active duty Service 
Member who was recently on a tour overseas and experienced a combat related injury. It 
is also important to note that performance was not universally consistent in this study, 
which is consistent with data from other studies (Gallun et al., 2012). In addition, the 
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studies that investigated auditory deficits post-TBI as well as blast exposure did not 
report significant group differences on complex auditory processing and working 
memory tasks, even when deficits were reported (Gallun et al., 2012; Saunders et al., 
2015; Hoover, Souza, & Gallun, 2017). Thus, impairments following an mTBI are 
heterogeneous in nature and inconsistent across individuals. In addition, when the 
participants within the mTBI and matched groups are re-organized in terms of reported 
difficulties, significant differences were found. For this reason, individual differences 
may be more meaningful than group differences (Hoover, Souza, & Gallun, 2017). 
Military service was examined as a possible influence on the masking tasks by 
comparing Service Members, with and without an mTBI, to civilian adults. When 
performance on the informational and masking tasks were compared, the two groups’ 
thresholds were significantly different on both tasks (Figure 4). Next, contralateral and 
informational thresholds were compared to “hearing thresholds” for both groups to see if 
hearing sensitivity predicted performance. In Figures 6 and 7, we see the overall trend 
that the Service Members tend to fall above the line of best fit and the civilian adults 
typically fall below the line. This indicates that the Service Members typically perform 
worse than what is predicted by hearing sensitivity alone.  Meaning, there appears to be 
an effect of Military service on distractibility as measured with the contralateral masking 
task.  
 With the contralateral and informational masking tasks we expect to see a trade-
off between false alarm rates and thresholds. It is expected that with a “conservative” 
listener, false alarms will be few but thresholds will rise. This is because a “conservative” 
listener needs to be certain that they heard the signal before they indicate that they heard 
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it. On the other hand, a “lax” observer will respond that they heard the signal even if they 
are not confident that the signal was present. In Figure 8 and 9, we see that the rate of 
trade-off between false alarms and thresholds differ between the Service Members and 
civilian adults. In fact, with a decrease in false alarms, the informational masking 
thresholds rise more than three times faster with the Service Members than the civilian 
adults (Figure 8). Therefore, there trade-off in responses is different between the two 
groups. In other words, the Service Members have a greater increase in threshold by 
being a conservative listener than the civilian adults. In Figure 10, the region of overlap 
shows a significant difference in the false alarms between the two groups. This analysis 
suggests that Service Members produce more false alarms, than the civilian adults do, in 
order to achieve low thresholds. As shown in Figure 9, this same trend was not exhibited 
with contralateral masking. As a result, there is a difference in the two masking tasks 
when Service Members are compared to civilian adults. This difference may be attributed 
to Military training and the Service Members’ ability to ignore distracting maskers when 
the masker can be localized to one side. Compared to contralateral masking, the signal in 
informational masking cannot be localized and appears to be more distracting for Service 
Members. Based upon the findings of this study, it appears that Service Members, with or 
without an mTBI diagnoses, do not perform similarly to subjects with ADHD, even 
suggesting that ADHD is not present in these groups.  
 The literature highlights the wide range of reported difficulties made by Service 
Member with blast exposure and/or an mTBI diagnoses. The literature also emphasizes 
the fact that the symptoms reported by those diagnosed with an mTBI do not always 
translate to behavioral test measures. As demonstrated in McAllister et al., (2001) 
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performance on working memory tasks was not significantly different between the 
participants with and without mTBI diagnoses on the n-back tasks. It was discussed that 
perceptual deficits might not always translate to behavioral measures or that the 
behavioral tasks are not guaranteed to be sensitive enough to detect any differences. 
Similar to the McAllister study, future work with mTBI and impulsivity might 
incorporate imaging studies to investigate activation pattern variations that could indicate 
group differences.  
Incorporating a subjective measure into the test protocol can provide insight on 
any specific deficits experienced by the participants and help to illuminate the long-term 
implications of an mTBI. One possibility would be to create a questionnaire where the 
participants rated their perceived difficulties in terms of focus and attention in various 
listening environments. Incorporating a questionnaire into future studies would also allow 
comparison between reported deficits and performance on the masking tasks and would 
help to illustrate if the tasks are sensitive enough to detect group differences and highlight 
the individuals who are experiencing related difficulties. Lastly, a questionnaire would be 
helpful to isolate reported difficulties that overlap with PTSD, mTBI and possibly ADHD 
to help guide professionals in developing treatment plans. 
In summary, mTBI is a highly variable and multifaceted injury. While this study 
did not show the originally anticipated results, that Service Members with mTBI would 
perform like children with ADHD, it did shed light on the nature of inattention following 
a head injury. Perhaps the most important result of this study is seeing that the nature of 
inattention following mTBI is very different from ADHD, although the symptoms are 
described the same. This is an important finding in regards to clinical implications 
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because Service Members with mTBI that experience inattention and difficulty with 
concentration should not be treated as though they have ADHD. Symptomatically, mTBI 
and ADHD are similar in regards to attention, but functionally they are very different.   
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Conclusion 
 The long-term goal of this research is to understand the chronic implications of an 
mTBI and create intervention strategies to help Service Members cope with these 
injuries. Specifically, this research study was designed to gain a better understanding of 
the difficulties associated with concentration and attention following an mTBI and 
develop a training protocol to help individuals be less distracted. While distractibility and 
impulsivity is a commonality between ADHD and mTBI, these two populations did not 
perform similarly on the same test measures. In fact, there was absolutely no difference in 
contralateral masking false alarms between the two groups of Service Members. Thus, 
any problems with attention and concentration post-mTBI are different from those in 
ADHD. On the other hand, contralateral masking thresholds were higher than predicted 
with hearing thresholds in the Service Members when compared to the civilian adults and 
informational masking false alarms were greater in the Service Member group, once 
informational thresholds were corrected for.  
In conclusion, the difficulties with attention and focus that were detected in the 
Service Member population are different from those of civilian adults. This finding 
suggests that Military training and service affects the trade-off in false alarms and hits in 
a challenging listening situation. Future work should incorporate test measures that 
account for perceptual difficulties and take into account differences between the control 
and mTBI Service Members. For instance, we should learn more about the control group 
in terms of deployment, age, noise exposure, and any special training. Training is of 
unique importance because specialized training will likely influence a person’s response 
proclivity.   
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Part II. Appendices 
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Appendix A:  Literature Review 
Concussions and TBI are major health concerns and are the primary focus of 
health professionals and researchers throughout the world. Historically, mTBIs were 
classified as short-term injuries where the recipients could expect quick and full 
recoveries without any chronic post-concussive symptoms. However, many individuals 
who have suffered an mTBI experience post-concussive symptoms years after the time of 
injury. Some of the reported long-term symptoms following a mTBI include, but are not 
limited to, poor concentration and poor memory, frustration, sleep disturbance, headache, 
dizziness, tiredness, depression, sleep disturbances, irritability, tinnitus, photophobia, and 
blurred or double vision (Vander Werff, 2012).  
The natural history and prognosis of mTBIs is not clearly understood and is 
complicated by the environment in which the injury occurred. One specific setting where 
mTBI occurs frequently is in military (Vander Werff, 2012). In fact, TBI has been termed 
the “signature injury” of Service Members who served in Afghanistan and Iraq (McCrea 
et al., 2009). The number of Service Members diagnosed with TBI since 2000 has 
reached an approximated 370,688. However, the number of military related TBIs could 
be underestimated due to the complicated nature of military environments. In addition, if 
a Service Member has experienced multiple injuries, only one is included in the total 
number of injuries recorded.  According to the DVBIC, the vast majority of brain injuries 
sustained by Service Member are mild. The number of mTBIs between 2000 and 2017 
has reached an estimated 305,140 (Defense and Veterans Brain Injury Center, 2017).  
Mild TBI, because of blast exposure, combat, training, or accidents in garrison 
suffered by Veterans who served in OEF, OIF or OND is a serious public health issue. 
32 
 
 
Blast exposure, as well as mTBIs superimposed on the stress of active duty and combat 
situations, have effected a large number of Service Members who suffer life-altering 
morbidity because of those injuries (Mu, Catenaccio, & Lipton, 2017). Combat-related 
mTBIs, including the effects of blast, impact, and acceleration-deceleration injuries can 
have long lasting and debilitating effects (Saunders et al., 2015). The significance of this 
type of injury is partially attributed to the vast number of occurrences as well as the fact 
that the long-term implications are not fully understood.  
The long-term implications of an mTBI are not universally consistent. Large 
numbers of returning Service Members from OEF, OIF, or OND with blast-exposure 
report post concussive symptoms, some of which can include headache, dizziness, poor 
memory, difficulties with speech in noise, and a difficulty with auditory memory and 
concentration years after the time of injury. There is professional dispute regarding the 
specific cause of the aforementioned symptoms as some professionals view them to be 
the direct result of blast-exposure, others view them to be the result of PTSD, or specific 
damage to the central auditory system (Saunders et al., 2015). The difficulty that 
surrounds mTBI is being able to measure and isolate the specific difficulties that are a 
result of the injury and to understand the natural history and the long-term effects to best 
design the most appropriate intervention.  
A TBI occurs when an external force disrupts brain function. The degree of injury 
can range from mild to severe; with each degree of injury having associated diagnostic 
criteria. A common definition of mTBI, is from the American College of Rehabilitation, 
as cited by Vander Werff, and describes “an impact or forceful motion of the head [that] 
results in post-traumatic amnesia not exceeding 24 hours, loss of consciousness not 
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exceeding 30 minutes, and a Glasgow Coma Score rating between 13-15.” A low score 
on the Glasgow Coma Scale (e.g. 3) indicates a deep coma while a high score (e.g. 15) 
indicates a person that is fully awake (Vander Werff, 2012). According to the Department 
of Defense, an mTBI is characterized by a “confused or disoriented state which lasts last 
less than 24 hours; or loss of consciousness for up to 30 minutes; or memory loss lasting 
less than 24 hours.” Typically, mTBIs do not include any penetrating type of injuries and 
imaging is often normal (Defense and Veterans Brain Injury Center, 2017). In military 
settings, the Military Acute Concussion Evaluation (MACE) is often used to assess 
acutely injured soldiers but due to the nature of combat, the time of injury, which is 
necessary information, is often incomplete. Lack of assessment at the initial point of 
injury is a major weakness when investigating service related mTBIs. Furthermore, the 
specific mechanisms of injury for blast-related versus impact or blunt mTBI may differ. 
Additionally, the situation in which the injury occurred, such as combat, could 
complicate the occurrence, as there could be an overlap between post-concussive 
symptoms and PTSD. Post-concussive symptoms can include emotional and/or 
behavioral problems and individuals may report depression, impulsivity, agitation, 
anxiety, fatigue or depression (Vander Werff, 2012). There are four main types of PTSD 
symptoms: reliving the event, situation avoidance, changes in beliefs or feelings, and 
hyper-arousal. Specifically, individuals with PTSD may experience, nightmares, 
flashbacks, situational avoidance, changes in behavior or emotions, anger, irritability, or 
difficulty sleeping and concentrating (U.S. Department of Veterans Affairs, 2015b). The 
overlap in post-concussive symptoms and PTSD can complicate and impede diagnosis 
and treatment (Mu, Catenaccio, & Lipton, 2017).   
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TBI is not a monolithic condition and can cause many associated cognitive and 
auditory deficits (Hoover, Souza, & Gallun, 2017). There are countless ways that damage 
can be inflicted on the auditory system from a head injury. Traditionally, an audiologic 
evaluation following a head injury focused on the peripheral auditory system, rather than 
the central auditory system, because the external, middle, and inner ear could all be 
damaged by external forces hitting the skull, especially if the temporal bone was the 
recipient of a direct impact. However, damage can occur beyond the peripheral auditory 
system and can affect the central auditory system and even high-level structures (Vander 
Werff, 2012). 
The term “mild” TBI is a very broad classification in terms of pathophysiology 
and neurobiology. On one end of the spectrum, a mild injury can cause the individual to 
feel dazed for a brief period with a headache and some degree of dizziness and then 
experience symptom resolution within a few hours.  The previously described type of 
injury affects the cellular physiology temporarily. On the other hand, an mTBI may also 
involve loss of consciousness for several minutes and induce hours of post-traumatic 
amnesia. The more intense injuries could be associated with visible evidence of damage 
on computed tomography (CT) scans such as a contusion as well as brain tissue 
abnormalities (McCrea, et al., 2009). There can be focal regions of damage from skull 
fractures, lacerations or hematomas or diffuse damage from the acceleration and 
deceleration of the brain within the skull (Vander Werff, 2012). Furthermore, damage 
may involve, but is not limited to, swelling, shearing, or stretching of the neural 
connections and inflammation of the tissue. Injuries that fall closer to the mild end of the 
spectrum are likely to involve low levels of axonal stretching (McCrea et al., 2009). 
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Damage can be so widespread and dispersed that it is not visible on imaging (Gallun et 
al., 2012).  
Regions of the frontal and temporal lobes that are involved in cognition can be 
affected by an mTBI and the injury can influence the brain’s ability to process auditory 
input (Vander Werff, 2012).  The widespread nature of damage that can occur from an 
mTBI results in unique profiles of injury, making understanding the challenges associated 
with the damage challenging for professionals (Gallun et al., 2012). Because the damage 
following a mTBI may be widespread highly variable, it is unclear whether the auditory 
complaints following an injury are due to central auditory, peripheral auditory, or even 
non-auditory cognitive factors. Some of the difficulties expressed from individuals 
diagnosed with mTBIs are difficulties listening in situations with background noise, 
following verbal instructions and processing rapid or degraded speech (Vander Werff, 
2012). It could be that the auditory complaints associated with mTBIs, difficulty-
understanding speech in noise, are associated with higher-level cognitive factors such as 
attention (Hoover, Souza, & Gallun, 2017).  
To aid in the evaluation and management of military-related mTBIs, a theoretical 
model of recovery following an mTBI was proposed that was based on a summary of 
current literature. The theoretical model proposed by McCrea et al., describes an acute, 
subacute and chronic period of recovery following an uncomplicated mTBI without any 
focal or structural injury. First, the acute period lasts around 5 days post-injury and the 
symptoms are typically the most severe during this time and can disrupt daily function.  
In addition, during the acute period, functional neuroimaging can detect decreased 
neuronal activation and the brain is injured enough to create a neurometabolic crisis, 
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which could be worsened by physical exertion. Second, the subacute period is around 5 to 
30 days post-injury and is characterized by an overlap between symptom recovery and 
cognitive and functional impairments. The majority of patients are expected to experience 
symptom resolution during the subacute period. Finally, the chronic period is the 
timeframe 30 days post-injury and presumably. It is estimated that only a small 
percentage of patients experience persisting symptoms during into the chronic period. 
While some patients demonstrate persistent post-concussive symptoms into the chronic 
period, these symptoms can be exacerbated by non-injury-related factors. Co-morbidities 
such as depression, PTSD, anxiety, and chronic pain can influence recovery and the 
evaluation and management of persistent disability following an mTBI. This theoretical 
model was used to draw several parallels to aid in the evaluation and management of 
military related mTBIs. First, during first several days following an mTBI, the Service 
Members will experience significant symptoms that will impede function, impact their 
ability to fulfill their duties and could be more susceptible for recurrent injury.  Vigorous 
exercise can make the injury worse and disrupt the recovery process. It is not until the 
individual is symptom free that they should gradually begin physical activity. 
Furthermore, while the individual may be asymptomatic, that does not mean that cerebral 
function has fully recovered. Finally, this literature summary highlighted the importance 
of a biopsychosocial approach for management following an mTBI; especially, in 
military settings where PTSD, depression and other comorbidities complicate recovery. 
Additional research is needed to fully understand the exact natural history of mTBIs to 
either confirm or refute the theoretical model presented in this review (McCrea et al., 
2009). 
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To understand the root of the auditory complaints following mTBIs, there is a 
growing body of literature investigating auditory processing deficits following blast 
exposure. In Gallun et al. (2012), the purpose of the study was to determine whether there 
is evidence of central auditory dysfunction following exposure to high-level blasts. To 
examine this question, the study incorporated two participant groups, the experimental 
group and the controls. The experimental group included individuals who served in either 
Iraq or Afghanistan and had experienced a high-level blast exposure. The control group 
was matched to the experimental group with regards to age, sex, and audiometric 
configuration. The time of blast exposure was all within one year of study enrollment and 
if any of the participants had been diagnosed with TBI, none of the injuries was greater 
than a mild injury. In addition, none of the participants had a hearing loss greater than a 
50 dB HL puretone average (500, 1000, and 2000 Hz). The test battery was used to detect 
difficulties processing simple and complex auditory stimuli and assessed the following 
auditory skill sets: temporal pattern perception, auditory temporal resolution, binaural 
processing and sound localization, and dichotic listening. Electrophysiological measures 
included an Auditory Brainstem Response (ABR) and the Long Latency Response 
(LLR).  In this paper, several participants reported that they had experienced more than 
one blast event while others only reported experiencing one injury. While the researchers 
did not find any significant data regarding the number of injuries, it warrants further 
investigation (Gallun et al., 2012). 
The behavioral tests utilized in the Gallun et al. (2012), paper were used in 
previous studies to assess central auditory processing abilities in several of populations 
with all different backgrounds. Etiologies of injuries involved in those previous studies 
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included concussive head injury from motor vehicle or sports accidents and even strokes 
or brain tumors. In those earlier studies, the experimental group had known lesions with 
localized regions of injury. Typically, those control groups included young, non-disabled 
subjects from diverse backgrounds. In contrast, the experimental group in Gallun et al. 
(2012), did not have localized regions of damage nor did they have confirmed 
pathologies but had all experienced exposure to a high-level blast during deployment. For 
this reason, a unique control group was established to account for any differences in 
demographics between the published normative data and the experimental group involved 
in this study (Gallun, et al., 2012). 
The three tests that revealed the largest effects of blast exposure when comparing 
the experimental group to the controls were the GIN, SSW, and MLD tests. The central 
auditory processing tests were analyzed for the experimental and control groups and an 
abnormal performance was considered plus or minus two standard deviations from the 
control group’s mean. All participants underwent a full audiometric evaluation and while 
there was not a significant difference in performance on word recognition scores (WRS) 
there was a significant difference on the QuickSIN, indicating that speech understanding 
in complex auditory environments may be compromised following blast-exposure. 
Abnormal responses with the SSW and the GIN reflect damage to the cortex and the 
corpus callosum while abnormalities with MLD can reflect damage to the auditory 
brainstem. The correlation that was documented between exposure to a high-level blast 
and abnormal performance on the GIN and SSW tests indicate that the corpus callosum 
and the cortex are possibly involved when exposure to a blast occurs. The results of this 
study suggest that blast exposure can affect brainstem or cortical level function.  
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However, it is important to note that performance was not universally consistent and 
there were not any significant between-group differences, but a high degree of variability 
was noted (Gallun, et al., 2012). 
The results of the Gallun et al. (2012), paper suggest that exposure to high-level 
blasts can lead to impairments in central processing, even when a formal mTBI diagnosis 
is absent. The results of this study indicate that blast exposure alone can lead to central 
auditory processing disorders. One important factor to note was that abnormal 
performance on the auditory processing tasks was significantly correlated to reports of 
PTSD and these reports should be investigated as a factor in auditory 
function/dysfunction (Gallun, et al., 2012) 
In Saunders et al. (2015), data was collected from 99 Veterans with blast-
exposure who had hearing that was within normal limits but reported auditory 
difficulties. The purpose of this study was to gain further insight into the reported 
difficulties hearing in various listening environments following blast exposure. For this 
study, some of the inclusionary criteria required that the participants have served as part 
of OIF, OEF or OND, have exposure from at least one blast event during combat, report 
difficulties with speech in noise, have symmetrical hearing and have age and educational 
level appropriate Mini Mental State Exam scores. Participants could not be included with 
any outer ear infections or conductive hearing loss, substance abuse issues, neurological 
or psychiatric disorders (except for PTSD), infection disease, auditory processing 
disorders or previous auditory training, to name a few. All of the participants reported 
blast exposure whether it was from a grenade, land mine, improvised explosive device 
(IED), or some other explosive event (Saunders et al., 2015).  
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The participants’ subjective hearing difficulties were recorded with the FHQ and 
the Speech, Spatial and Qualities (SSQ) questionnaires. The FHQ was designed to assess 
hearing difficulties with nine questions that are geared around nine different 
communication situations. The participants completed the FHQ by rating their difficulty 
in each of the nine environments, on a scale of one to four. Scores on the FHQ range 
from nine to thirty-six, with nine indicating no difficulties and thirty-six suggesting 
significant hearing difficulties. Next, reported difficulties with speech understanding, 
spatial hearing, and hearing quality were evaluated with the SSQ questionnaire. Together, 
results from the FHQ and the SSQ characterized specific hearing-related difficulties. 
Overall, the most common difficulty reported by the participants was a difficulty 
understanding speech in noise (>75%). In addition, over fifty percent of the participants 
reported difficulties following long conversations, talking on the phone, and 
understanding rapid speech (Saunders et al., 2015). 
Next, behavioral measures were used to quantify the participants’ specific hearing 
abilities. The Hearing in Noise Test (HINT) was used to attain a speech reception 
threshold in noise (SRTN) and the data showed a performance deficit with understanding 
speech in noise in Service Members, when compared to the controls. Auditory 
segregation skills were assessed via the North American Listening in Spatialized Noise-
Sentence test (NA LiSN-S) and the mean data showed that Veterans with blast exposure 
have deficits in binaural processing but not in the use of pitch cues. To assess temporal 
resolution, the Adaptive Tests of Temporal Resolution (ATTR) was performed and the 
participants’ gap detection thresholds were recorded by an adaptive two-interval forced 
choice paradigm. Gap detection is associated with central, compared to peripheral, 
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processing and performance on these tasks was poorer in the blast-exposed grouped, 
compared to the civilian adults. The TCST assessed the participants’ understanding of 
speeded speech but the only major take away from this measure was an exhibited high 
degree of variability. The SSW, a test of segregation with competing signals, showed a 
higher than average total number of errors when compared to age-appropriate averages 
but no specific pattern. With the SSW, because no pattern of performance could be 
distinguished, the general conclusion was that the participants exhibited an overall deficit 
in the ability to segregate speech in environments with competing speech. Auditory 
working memory and working memory for spoken language was quantified with the 
Digit Span Test (DS) and the Woodcock Johnson Story Recall subtest, respectively. 
Within the DS test, the DS-Forward subtest assessed short-term memory and auditory 
information while DS-Backward subtest has to do with the manipulation of verbal 
information while it is in temporary storage. The group scores for the Veterans with blast 
exposure were very similar to the normative data on the DS tests and indicated no 
measurable working memory deficits. In the same way, the Veterans did not exhibit any 
working memory deficits with spoken language when assessed with the Woodcock 
Johnson Story Recall. Finally, the Stroop Color and Word Test looked at attention and 
cognitive interference. Performance on this test measure was similar to the age-
appropriate norms and suggested that the participants were capable of ignoring irrelevant 
stimuli (Saunders et al., 2015). 
 In the Saunders et al. (2015), paper, the Veterans with blast-exposure performed 
variably across the numerous test measures. Overall, none of the participants performed 
≥1 standard deviation (SD) from the mean on all of the test measures. Ten percent of the 
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participants scored ≥ 1 SD below the mean on five measures while over half of the 
participants performed ≥ 1 SD below the mean on three to five of the difference 
measures. Approximately one third of the participants scored ≥ 1 SD on less than three 
measures. The researchers performed Pearson correlations to see whether the 
participants’ reported difficulties, as noted on the FHQ, corresponded with performances 
on the behavioral measures. Based off the Pearson correlation, there were several 
statistically significant correlations between FHQ items and behavioral measures 
(Saunders et al., 2015).   
 Several functional difficulties reported on the FHQ were associated with poorer 
performance on related behavioral measures. First, DS scaled scores, a test of working 
memory, correlated with reported difficulties following spoken instructions and following 
long conversations, both of which require the ability to store information and then recall 
it. In addition, performance on the TCST, a measure of speeded speech, correlated with 
reported difficulties comprehending rapid speech and needing extended time to process 
speech. Lastly, the Woodcock Johnson Story Recall was associated with reported 
problems following a series of spoken instructions. This task requires the ability to follow 
and recall spoken content. Altogether, the results of this study indicate that reported 
difficulties listening in difficult environments significantly correlated with demonstrated 
performance deficits on behavioral measures (Saunders et al., 2015). 
 As expressed on the FHQ questionnaire, reported difficulties are similar to those 
expressed by older individuals with hearing loss rather than those of the same age with 
normal hearing. The participants demonstrated deficits with measures of speech 
understanding in noise, binaural processing, speech segregation and temporal resolution 
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as exhibited on the HINT, NA LiSN-S Spatial advantage, SSW, and the ATTR, 
respectively. Not all of the participants demonstrated deficits, indicating task specific 
deficits rather than a deficit in global functioning. Results suggest that blast exposure can 
lead to damage to the central auditory system. A proposed drawback to this study was 
that blast-exposure and time of exposure was self-reported, and no behavioral measures 
were performed prior to blast-exposure. Since behavioral measures were not performed 
prior to blast-exposure, it is impossible to verify that the exhibited deficits are a direct 
result of blast exposure. Finally, PTSD symptoms were present in the majority of the 
participants and a formal PTSD diagnosis was present in over half of the participants, 
making it even more difficult to isolate the symptoms resulting from the blast-exposure 
(Saunders et al., 2015).  
Hoover, Souza and Gallun examined auditory deficits associated with mTBI, 
specifically in relation to auditory processing and speech-in-noise deficits. Primarily, the 
goal of this study was to gain a better understanding of speech in noise deficits for those 
with a history of an mTBI and the relative contributions of auditory dysfunction and 
cognitive factors. The researchers were looking to differentiate between auditory 
processing, peripheral auditory components and non-auditory cognitive components. 
Participants were recruited from a community population and were sorted into three 
groups based on age, hearing sensitivity, and medical history. The first group was 
composed of 13 participants, all with “uncomplicated” mTBI diagnoses and any 
persistent cognitive or auditory deficits were classified as long-term. An “uncomplicated” 
TBI refers to an injury where peripheral damage and blast exposure do not exist. Two 
groups of controls who did not have any history of mTBI diagnoses or neurological 
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disorders in their medical history were also included. One control group was the young 
normal group that included nine listeners (aged 18-24) with hearing thresholds that were 
within normal limits and the second group was the Matched group to the mTBI 
participants with respect to age and hearing thresholds (Hoover, Souza, & Gallun, 2017). 
The participants in the Hoover, Souza and Gallun paper completed objective and 
subjective test measures. Far more participants in the mTBI group reported difficulties 
with speech understanding in noise than the Matched control group. First, all of the 
participants reported their subjective hearing ability through an interview format and 
completed the SSQ. Behaviorally, monaural speech recognition in noise assessed whether 
subjective reports of speech-in-noise difficulties corresponded to measured signal-to-
noise (SNR) losses on tests that had known psychometric properties. The QuickSIN was 
administered to estimate sentence recognition in four-talker background noise and each 
participant heard two lists of sentences presented to each ear to estimate their SNR loss. 
Word recognition in four-talker background noise was assessed with the Words-in-Noise 
(WIN) test and one list was administered to each ear. The QuickSIN and WIN scores 
were converted to an SNR loss and performance was compared to the young listeners 
group. Next, the participants’ ability to benefit from spatially separated sound sources 
was evaluated using spatial release from masking (SRM). SRM involves three structured 
sentences presented simultaneously under headphones and are presented in a spatially 
simulated environment. The listeners were instructed to focus on the signal (located at 0◦ 
azimuth) and ignore the background maskers that were either spatially separated at ±45 
degrees azimuth or co-located. The target and the masker signals’ presentation preserved 
inter-aural timing cues but obscured any inter-aural level cues. The target signal was 
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presented at a fixed level of 50 dB SL, relative to the listener’s speech reception 
thresholds and the background masker level was varied in 2 dB increments from -10 to 
+10 target-to-masker ratio.  In this scenario, spatial release was the 50% target-to-masker 
ratio between the co-located and spatially separated conditions (expressed in dB). This 
score represents the benefit the listener receives from the spatial separation of talkers 
(Hoover, Souza, & Gallun, 2017). 
Performance on the behavioral measures was compared to psychophysical 
measures. The participants’ monaural temporal fine structure perception was evaluated 
by having them listen to a sequence of tones where the spacing of the harmonics within 
the signal was unchanged but the temporal fine structure and the place-pitch would 
deviate. The participants’ task was to detect a deviation from the standard stimulus. Next, 
the researchers incorporated spectral ripple reversal (SRR), a measure of spectral 
resolution within the auditory system, to offer insight on whether the dysfunction had a 
central or peripheral origin. A relationship between spectral resolution and speech-in-
noise deficits post-mTBI would indicate a peripheral cause. Spectral modulation applied 
to the signal tone and was varied to find the highest rate where the participant could 
detect the reversal of the standard stimulus. Third, participants’ low-frequency temporal 
fine structure perception was quantified by measuring detection thresholds for interaural 
phase differences within a 500 Hz tone. This task was performed because it has been 
shown to demonstrate central auditory dysfunction following TBI. Finally, Temporal 
coding within the auditory system was assessed by measuring detection thresholds for a 
decrease in interaural coherence. The interaural coherence was adaptively adjusted to 
estimate threshold (Hoover, Souza, & Gallun, 2017). 
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Cognitive ability was evaluated in terms of attention, processing speed, and 
working memory with three different tasks.  The purpose of these tasks was to emphasize 
any differences, in terms of cognition, between the mTBI group and the Matched group 
of controls. The three tasks were presented visually to gain a better understanding 
between non-auditory cognitive factors and auditory abilities. First, the Trail Making Test 
required the participants to mark numerically marked consecutive circles while being 
timed, testing their executive attention. Processing speed was evaluated with a timed 
digit-symbol coding task. Finally, visual working memory was assessed with a computer-
based test that required the participants to read a passage and recall main words and also 
evaluate semantic validity (Hoover, Souza, & Gallun, 2017). 
The performance of the civilian adults, Matched controls, and mTBI group was 
analyzed with a matched-groups design to examine any group differences. The mTBI 
group and Matched group participants were matched in terms of age and hearing 
sensitivity to allow the researchers to examine any specific deficit resulting from a TBI 
without influences from age or hearing loss. None of the young listeners reported trouble 
with speech in quiet or noisy environments. The controls in the Matched group reported 
that they did not have trouble with speech understanding in quiet environments and only 
one reported that they had difficulty in noisy environments. The participant in the 
Matched group who had difficulty in noise had a mild-to-moderate sensorineural hearing 
loss.  Performance with speech recognition in the presence of background noise, as 
assessed with the QuickSIN and the WIN, indicated that the group performance for the 
Matched and mTBI groups were slightly elevated but did not yield any significant group 
differences. The results of the civilian adults in terms of SRM with co-located and spatial 
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separation was consistent with results from previous studies that were used to define 
normal performance and no significant findings were recorded when comparing the 
mTBI and the Matched groups. Results from this study were consistent with earlier 
studies in that no group effects were observed between listeners with a TBI and age-
matched peers on complex auditory tasks but also that impairments following a TBI are 
heterogeneous in nature and inconsistent between individuals. For this reason, individual 
differences may be more meaningful than group differences. In addition, when the 
participants within the mTBI and Matched groups were re-organized in terms of reported 
difficulties, significant differences in speech-in-noise and SRM performances were found 
(Hoover, Souza, & Gallun, 2017). 
Finally, Hoover, Souza and Gallun examined subjective reports of difficulty with 
speech in noise and objective measures to evaluate any existing relationships. Repeated 
measures ANOVA for the mTBI and Matched group data showed a significant 
interaction between recorded speech scores and stated reported deficits. This finding 
indicates that the individuals from the mTBI group and the individual from the Matched 
group who reported difficulties with speech understanding in noise exhibited a deficit on 
the related objective measures. The researchers also found that multiple individuals 
within the mTBI group demonstrated reduced SRM. Together, these findings show that 
while not all individuals with an mTBI demonstrate long-term auditory deficits, those 
who report difficulties are more likely to demonstrate deficits on objective test measures. 
Finally, none of the psychophysical tasks yielded significant differences between the 
civilian adults and the Matched and mTBI groups. Statistical analysis also showed that no 
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significant group differences were found between the mTBI and Matched groups for any 
of the three cognitive measures (Hoover, Souza, & Gallun, 2017). 
For a broader analysis of the effects of mTBIs on auditory function, the 
researchers examined the rate of abnormal test results between groups. To do this, the 
number of abnormal results for each participant was tallied and the sum was converted to 
a proportion in order to compare the three groups. The test measures included were the 
speech tests and psychophysical tests. Comparison across groups showed a higher rate of 
dysfunction in the mTBI group (62%) (Hoover, Souza, & Gallun, 2017). 
Hoover, Souza and Gallun used stepwise linear regression to determine the 
variance that could be explained by certain predictor variables for the various speech 
tasks. The stepwise linear regression found the predictor variable that accounted for the 
largest amount of variance and the other variables that accounted for any residual 
variance until the remaining variance was not significant. The predictor variables 
examined were age, PTAs, interaural phase difference, temporal fine structure, interaural 
coherence, spectral ripple reversal (SRR), working memory, attention, and processing 
speed. For the QuickSIN, puretone averages (PTA) and SRR accounted for about 50% of 
the variance. Both PTA and SRR represent peripheral auditory function. For the WIN, 
PTA and interaural phase difference (IPD) accounted for over 70% of the variance. IPD 
requires phase-locking and is considered a measures of temporal fine structure as well as 
binaural processing. Finally, the regression model that was computed for SRM, which 
was calculated by the difference between co-located and spatial separation, involved two 
factors, which contributed nearly 70% of the variance: working memory and PTA. 
Because none of the auditory processing variables explained a significant amount of 
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variance, SRM is seemingly more sensitive to unique listener characteristics when 
compared to the monaural speech-in-noise tasks. Thus, working memory was the primary 
factor in performance. From this, the researchers concluded that the greatest benefit from 
spatial separation correlates to the greatest working memory capacity in order to make 
use of the spatial difference. This analysis indicates that different variables influence 
performance on binaural versus monaural tasks. For instance, with the monaural tasks, 
the variance was best explained by peripheral factors such as threshold elevation. 
Elevated hearing thresholds were the most important factor with respect to speech-in-
noise tests. Thus, additional research is necessary understand the relationship between 
mTBIs and pure-tone threshold elevation by including participants with pre-injury 
audiometric data (Hoover, Souza, & Gallun, 2017). 
Many individuals who have suffered mTBI report cognitive symptoms following 
the injury. Deficits with attention and processing information are often reported and now, 
deficits with working memory are beginning to as well. “Working Memory” is the brain’s 
storage center for information that is required for cognitive function. Regions of the brain 
that are often sites of structural disruption following a traumatic injury overlap with 
regions of the working memory circuit. Thus, regions of the working memory circuit 
could be highly susceptible to damage following a TBI. This study hypothesized that the 
mTBI group would allocate the majority of their working memory resources for a 
moderate load condition and not have enough reserve for a higher load condition. An 
inability to allocate additional resources for an increase from a moderate to a higher-level 
task will result in a decrease in performance. The participants had an mTBI diagnoses 
and none of them had history of any other neurological disorders, significant systemic 
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medical illness, or a current diagnosis of psychiatric illness, other than substance abuse. 
On average, the mTBI patients were studied 26.9 days post-injury. The type of injuries 
varied from motor vehicle accidents, falls, to sports or recreational injuries. All of the 
participants were right-handed. Items that were not present prior to injury or ones that 
increased in intensity or frequency were attributed to the injury. The participants 
completed an 18-item self-rating memory scale to assess subjective memory function. 
Finally, that participants were administered a neuropsychological test battery to assess 
general intellectual function, speech and language, memory, attention and concentration, 
and executive function. No significant differences for relevant neuropsychological, 
demographic, and self-reported variables were noted (McAllister, et al., 2001). 
Working memory performance was assessed with n-back tasks. The task involved 
the presentation of a sequence of stimuli and the participants were tasked to indicate 
when the stimulus being presented was the same as the one presented n steps before. 
There were four conditions used: 0-, 1-, 2-, and 3-back. Incorrect and correct responses 
were recorded. Functional MRIs were administered with a total scanning time of 384 
seconds, and the functional whole-brain volume acquired every 3 seconds (McAllister, et 
al., 2001). 
Performance on the working memory tasks was analyzed for 17 mTBI 
participants and 12 controls. The participants in the mTBI group reported significantly 
more difficulties with memory, compared to the controls. The mTBI group self-rated 
their working memory skills as worse than controls on all 18 items on the self-rating 
scale, 14 items reached statistical significance. Cognitive symptoms were reported 
frequently from the mTBI participants than the control group; specifically, memory and 
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concentration difficulties. While the mTBI participants reported significant difficulties, 
they performed well on the neuropsychological battery. The mTBI group performance 
only differed from the controls with speed on the Continuous Performance test as well as 
a letter fluency test. The neuropsychological test battery included: Wisconsin Card 
Sorting Test, Trail Making Test, California Verbal Learning Test, Facial Memory Test, 
and the Stroop Interference Test. None of the neuropsychological tests evaluating 
attention, memory, or executive function yielded significant between-group differences. 
In addition, the two groups did not differ significantly on the four n-back tests. However, 
the researchers did observe a significant difference in activation patterns with an increase 
in working memory load. For example, with the moderate working memory load (2-back 
task) there was a greater amount of neural activation for the mTBI group but less of an 
increase with the harder task (3-back), compared to the controls. The observed activation 
patterns were consistent with the researchers’ hypothesis but they did not observe any 
performance differences, as they had expected. In summary, with an increase in working 
memory load, the controls and mTBI groups showed different amounts of activation. A 
possible explanation of this difference is that the working memory capacity is impaired in 
the mTBI group but the tasks used to measure the deficits was not challenging enough to 
display any significant group differences. Furthermore, while performance was similar, 
the mTBI group perceived more difficulty allocating the necessary resources for the 
behavioral task. In the end, there was a significant discrepancy between perceived 
abilities and actual performance. Further work should be performed to assess whether the 
activation patterns, as shown on the fMRI, persist a year past the time of injury 
(McAllister, et al., 2001). 
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The present paper investigates the impact of an mTBI on attention capabilities to 
better understand the reports of impulsivity and distractibility. Similar to mTBI, 
impulsivity is a hallmark symptom of ADHD. This impulsivity has been quantified using 
two non-sensory masking tasks, informational and contralateral masking. Both tasks 
involve the detection of an adaptively adjusted, 500 Hz signal in the presence of an 
unpredictable masker. False alarm rates and thresholds were compared between a group 
of control children to a group of children with ADHD for informational masking and in 
quiet. Data from a previous study was used to compare performance on contralateral 
masking. The data showed that all the children performed similarly on informational 
masking but children with ADHD are more impulsive, when compared to age appropriate 
controls, when completing the contralateral masking task. Contralateral masking involves 
a lower level of uncertainty, than informational masking, so children with ADHD tend to 
become more impulsive with lower levels of unpredictability than controls (Gray, Breier, 
Foorman, & Fletcher, 2002). Based on the shared symptom, we would expect a group of 
individuals with an mTBI to perform similarly to the children with ADHD.  
In summary, there are a myriad of potential cognitive and auditory implications 
from an mTBI and the evaluation necessary to understand these effects goes well beyond 
evaluation for a sensorineural hearing loss. Subjective reports and behavioral measures 
are both imperative assessment tools because each injury is unique and there are not any 
clearly identified long-term global deficits. To understand the implications of an mTBI 
and the resulting auditory and cognitive complaints, a complete evaluation of the auditory 
system must be conducted and the test battery should include speech-in-noise tasks and 
psychophysical test measures. Professionals can take the information gained from the 
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assessment process and incorporate it into the rehabilitation process and work to address 
the specific needs of the individual with a head injury (Hoover, Souza, & Gallun, 2017).  
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